Calf kidney cell cultures persistently infected with foot-and-mouth disease virus (FMDV) resist challenge with related and unrelated viruses. Attachment of challenge virus to persistently infected cells is not impaired. A challenge with viral ribonucleic acid (RNA) will not overcome the resistance of persistently infected cells. The initiation of persistence is correlated with the amount of interferon produced in the cells. It is concluded that interferon plays a major role in initiation and maintenance of the carrier state of the cells. 
INTRODUCTION
Interferon, a soluble product of virus-infected cells capable of interfering with replication of a wide range of viruses (Isaaes, 196l) , plays a role in the initiation and maintenance of chronic virus infections in vitro (Ho & Enders, 1959;  Henle, Henle, Deinhardt & Bergs, 1959 ; Chany, 1961 ; Glasgow & Habel, 1962) . Baron & Isaacs (1961) recently reviewed the evidence, which suggests that interferon may be important in natural recovery from viral infections. Foot-and-mouth disease virus (FMDV), which induces marked degeneration in calf kidney cells, gives rise to a persistent infection when the early cycles of multiplication are suppressed by the presence of viral antibodies (Dinter, Philipson & Wesslh, 1959) . The antibodies can subsequently be removed and most cells will remain intact. The cultures produce active virus for at least 20 days. Prolonged treatment with viral antibodies cures the cultures from the carrier state (Dinter et al. 1959 ). An interferon-like inhibitor from calf kidney cells infected with FMDV was recently described (Dinter & Philipson, 1962) . This formed the basis for investigating the role of interferon in the initiation and maintenance of the carrier state in cells persistently infected with FMDV. The present study demonstrates the resistance of such cells to related and unrelated viruses and the role of interferon in this process.
METHODS
Viruses. The Lindholm 0,-strain of FMDV (FMDV O,), the Brussels A, strain of FMDV (FMDV A&, a strain of parainfluenza virus type 3 (PI-3), a virulent strain of poliovirus type 1 (E206) and the Z strain of pseudo-rabies virus were used. Poliovirus stocks were prepared in monkey kidney cultures, the others in calf kidney cultures. FMDV and poliovirus were stored at + 4' and the other viruses at -60'.
Cell cultures and virus assay. The preparation of cell cultures, the plaque technique,
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L. PHILIPSON AND Z. DINTER and the methods for virus assay have been described previously (Dinter & Philipson, 1962) . Virus infectivity is expressed as the logarithm of the 5 0 % endpoint (log TCD 50)/ml. when tube titrations were used or as plaque-forming units (p.f.u.)/ml. when plaque assay was performed. When two viruses were present in samples to be tested, one of them was neutralized by antiserum before assay. Hemagglutinating activity of PI-3 virus was expressed as the log, of the reciprocal of the greatest dilution of the sample giving complete agglutination in tube tests. Production and assay of interferon. Interferon was produced in calf kidney cells and assayed as previously described (Dinter & Philipson, 1962) . Interferon titre was expressed as the reciprocal of the final dilution resisting a challenge of 100 TCD 50 of pseudo-rabies virus.
Persistently infected cultures.
Extraction of viral RNA. Viruses were concentrated by aqueous polymer phase systems (Philipson, Albertsson & Frick, 1960) and treated with phenol saturated with 0.02 M-phosphate buffer (pH 7.4) containing 10-4~-ethylenediaminetetraacetate (EDTA) at 4" according to Gierer & Schramm (1956) . The water phase was collected and shaken six times with ether, which was subsequently removed by nitrogen. This material was assayed for infectivity with and without treatment for 10 min. at 37" with ribonuclease (recrystallized three times, Worthington Inc., New Jersey, U.S.A.) at a final concentration of 10 ,ug./ml. Assay of viral RNA. The nucleic acid preparations were diluted and adsorbed for 10 min. a t 18" in different buffers and tested for infectivity by the plaque method. Dilution and adsorption in ~M -M~S O , according to Holland, Hoyer, McLaren & Syverton (1960) gave 20-fold higher titres than other methods tested ( Table 1 ). The nucleic acid infectivity was completely inactivated by treatment with ribonuclease which did not affect the titre of intact virus. The procedure adopted therefore included both dilution of the virus-RNA preparation and adsorption for 10 min. a t 18" in 2 M-M~SO,. Cultures were subsequently washed twice with phosphate buffered saline (PBS) before application of the agar overlay.
Staining with fluorescent antibody. The indirect method was used. Coverslips with a uniform cell sheet were washed three times in PBS, fixed in acetone for 5 min. and
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dried in air. Viral antiserum was subsequently applied for 30 min. at room temperature, the slides washed three times in PBS and overlayed with goat antirabbit globulin conjugated with fluorescein isothiocyanate (Microbiological Associates, Bethesda, Maryland, U.S.A.). The sera were adsorbed with acetone powder from calf kidney. ad., Not done; PBS, phosphate buffered saline.
RESULTS

Resistance of persistently infected cultures to different viruses.
The resistance of cells persistently infected with FMDV 0, to a challenge with related and unrelated viruses was investigated by following virus multiplication in persistently infected cultures of calf kidney, in such cultures cured by excess antibody, and in normal cultures. These cultures were challenged with 100 TCD50 of FMDV A,, parainfluenza-3 virus (PI-3) and pseudo-rabies virus. After different periods of incubation a t 37" samples were removed from the supernatant fluid and assayed for infectivity. 
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When PI-3 challenge was used titres of haemagglutinin were also determined.
Multiplication of FMDV A, was suppressed in persistently infected cultures.
The multiplication in cured cultures was only slightly inhibited compared with the controls (Fig. 1) . Inhibition of multiplication of PI-3 and pseudo-rabies viruses was also evident only in persistently infected cultures and not in cured cultures (Figs. 2 and 3) . Cytopathic eflect in persistent19 infected cultures challenged with diserent viruses. The cytopathic effect of a virus challenge on persistently infected, cured and normal calf cultures was followed in cultures infected with 100 TCD50 of pseudo-rabies virus, FMDV A,, and RNA from the latter virus. Four plates were infected in each group. The cytopathic effect was graded from 0-4. Cured and normal cultures were completely degenerated 2 or 3 days after infection, irrespective of the type of inoculum used for superinfection ; the persistently infected cells scored between only 0.5-1.5 on day 4 after infection ( Table 2) . 
Staining of persistently infected cells with fluorescent antibodies.
Calf kidney cultures persistently infected with FMDV 0, synthesize virus in cycles. The titres in these cultures are 100-to 1000-fold lower than those in normal cultures. The viral yield implies either infection of one of 200-600 cells and a normal yield from this cell or else suppressed virus multiplication in all cells (Dinter et al. 1959) . To differentiate between these two alternatives, cultures persistently infected with FMDV type 0, on coverslips were stained with fluorescent antibodies. As controls, (Table 3) . The results suggest that the resistance of persistently infected cells to a challenge virus might be ascribed to a non-viral factor protecting the majority of the cells.
Attachment of challenge virus to persistentty infected cultures.
Persistently infected cultures and normal cultures were washed twice with PBS and inoculated with 300-500 p.f.u. of FMDV A, in 0.2 ml. At intervals, 0.02 ml. was removed from each culture in the two groups, diluted tenfold in PBS and assayed fbr remaining infectivity on normal calf kidney cultures. The rate of attachment of FMDV A, was the same in persistently infected and normal cultures (Fig. 4) , indicating that blockage of attachment sites was not a major factor in maintenance of the persistent infection.
Challenge with viral RNA in persistently i,nfected and ifinterferon treated cells. The experiments reported above suggested that a step in virus multiplication beyond attachment was blocked in the majority of the persistently infected cells. This block interfered alike with the synthesis of related and unrelated viruses. A similar effect has been ascribed to interferon which also inhibits virus multiplication when viral RNA is used as inoculum (Ho, 1961) . To investigate this aspect properly, however, a cell system must be used which does not propagate the intact virus particle but gives only a single cycle of replication in response to the introduced RNA. Therefore calf kidney cultures, both persistently infected with FMDV 0, and normal, were infected with 100 p.f.u. of RNA from poliovirus type 1 or FMDV A,. At intervals the cultures were frozen and thawed and the total yield of intact virus assayed in normal monkey and calf kidney cultures respectively. To study the role of interferon in maintenance of the carrier state, these experiments were also performed with persistently infected cultures of different ages. Intact poliovirus type 1 does not normally multiply in calf kidney cultures . The yield of poliovirus type 1 in persistently infected cultures when viral RNA was used as inoculum was much decreased regardless of whether persistence had been established 2 or 14 days earlier ( Table 4 ). The multiplication of FMDV
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A, in persistently infected cells was also inhibited when viral RNA was used as inoculum (Fig. 5 ) . This latter finding alone does not permit the conclusion that in persistently infected cells, virus multiplication is blocked beyond penetration, since viral synthesis induced by intact FMDV A, particles formed in the first cycle may be inhibited. With regard to the results with poliovirus, which cannot use calf kidney cells as a natural host, it is likely, however, that in both cases viral synthesis is blocked intracellularly. The suppressed multiplication of challenge virus in persistently infected cultures was compared with the inhibition of viral synthesis by interferon in normal cultures. Calf and monkey kidney cultures were treated with interferon for 24 hr. and subsequently inoculated with 100 TCD 50 RNA from poliovirus type 1 and FMDV A,.
The preparation of interferon was described by Dinter & Philipson (1962) . After incubation for 18 hr. at 37", control and interferon-treated cultures were frozen at -6O", thawed and subsequently assayed for infectivity of intact virus in normal monkey and calf kidney cultures, respectively. The yield of the two viruses was suppressed in interferon-treated cells when viral RNA was used as inoculum. This effect was observed both in the natural host cells, monkey kidney for poliovirus, and in the calf kidney cells insusceptible to this virus (Table 5 ) . Intact FMDV A, however, multiplied in both calf and monkey kidney cultures.
Correlation between production of interferon and initiation of persistent infection. Persistently infected cultures were produced in tubes as described under methods. At daily intervals, the medium of 5 tubes was removed and pooled. The infectivity of FMDV 0, was assayed and subsequently the interferon titre was determined in these pools after inactivating the virus by adjustment to pH 2.5 with citrate buffer and back to pH 7 with 0.1 M-NaOH. At daily intervals pseudo-rabies virus was also titrated in persistently infected and in control tube cultures. The difference in titres between these two titrations was considered an estimate of the resistance of the persistently infected cultures to the challenge virus. There was a rise in FMDV 0, titre with a maximum 3 days after the antiserum was removed from the persistently infected cultures. Interferon production and resistance to challenge virus reached a maximum at the 4th day after induction of persistence. The resistance to challenge virus was correlated in time with the interferon production in these cultures (Fig. 6) . I n this experiment the persistent infection was cured spontaneously at 10 days after induction ; in other experiments, however, in which the persistent infection lasted for longer periods, the interferon titres were too low to be demonstrated 10-15 days after induction.
DISCUSSION
The studies presented demonstrate a correlation between interferon production and persistence of FMDV 0, in calf kidney cultures during the early stages of the persistent infection. I n persistently infected cells kept for 20-40 days, the presence L. PHILIPSON AND Z. DINTER of interferon could not be correlated with the resistance of these cells to challenge with another virus. Several theories can be put forward to explain this phenomenon. First, the interferon present might be bound intracellularly and more cells might be needed to demonstrate the presence of interferon. This is the case with MCN cultures persistently infected with myxoviruses (Henle et aE. 1959) . Secondly the interferon, initially present in the majority of the cells, might induce an alteration of the cells as reported by Gresser (1961) . Evidence in favour of this theory has been obtained since the persistently infected cells show differences in morphology and nuclear size compared with controls (unpublished). Finally, since a heterogeneous cellular population was used, a selection of resistant cells might occur with gradual loss of cells susceptible to virus infection. This could also tally with the observed difference in cellular morphology of persistently infected cells. I n a previous communication (Dinter & Philipson, 1962 ) the possibility was discussed that the resistance to challenge virus could be due to a block of receptor sites on the cells by inactive virus. Such cells would produce virus normally if infectious RNA was used as inoculum as demonstrated by Crowell & Syverton (1961) . The present investigation demonstrates that the virus synthesis is inhibited when infectious RNA is used for challenge and that attachment of the challenge virus to the persistently infected cells is unaffected. All this favours the hypothesis that virus synthesis is blocked intracellularly .
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